plasmids extracted from the transformants were sequenced (PRIMM srl, Milano), and, for each type of mutant, one of the plasmids that was found to carry the desired mutations was used in further studies. pETGltSHisΔ7 and pETGltSHisΔ40 were used to transform E.coli BL21(DE3) cells. Standard protocols were used for DNA and cell manipulations (2,3).
Production of the GltSHisΔ7 variant was carried out as described for GltSHis (1) except that IPTG was omitted. Namely, main cultures were maintained at 30°C until an absorbance value of approximately 2.0 was reached. The temperature was then lowered to 25°C and cells were harvested after 15-17 h. In experiments aimed to produce the GltSHisΔ40 variant, the cells were also grown at 25°C for 6-7 h. Alternatively, when an absorbance of approximately 2.0 was reached, the temperature was lowered to 15°C, IPTG was added to a final concentration of 0.1 mM, and cells were harvested after 17 h. Under no condition the production of the polypeptide corresponding to the truncated α subunit was observed.
The GltSHisΔ7 variant of GltS was purified as done for the native species (1) with similar chromatographic behavior, yields, specific activities at all stages.
Miscellaneous techniques. Absorbance spectra were recorded with a Hewlett Packard 8452 diode-array spectrophotometer (Agilent Technologies). Dynamic light scattering measurements were carried out using a DynaPro Instrument (Protein Solutions, Charlottesville, USA) in a 50 μl quartz cuvette at 15°C (average of twenty 30 s acquisitions, sensitivity 70-100%). Data were analyzed using the DynaPro software (version V5 or V6). Analytical gel filtration chromatography was carried out on a Superose 6 column (GE Healthcare). a A 800 μl aliquot of a GltS solution (1.7 mg/ml) in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM DTT and 1 M NaCl was dialyzed overnight against the same buffer containing 1 M NaCl (1 l) at 5°C in the dark. After 16 h a 200 μl aliquot was withdrawn and analyzed, while the dialysis tubing containg the residual sample was transferred to buffer without NaCl and dialyzed overnight. On the aliquots withdrawn before dialysis and after each one of the two equilibrations steps activity, protein and dynamic light scattering (DLS) measurements were carried out. Aliquots (100 μl) were also analyzed on a Superose 6 analytical gel filtration column equilibrated with dialysis buffer (not shown). The shift in the radius measured by DLS was mirrored by changes in the elution volume of the protein from the analytical gel filtration column. The small decrease of specific activity after dialysis against 1 M NaCl is explained by the irreversible dissociation of a small amount of GltS into free α and β subunits as detected by analytical gel filtration and polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulphate (SDS-PAGE) of individual fractions from the column (not shown).
Supplementary
b A 200 μl aliquot of GltS (1 mg/ml) was incubated overnight on ice with buffer containing 1 M NaCl. A 70 μl aliquot was rapidly transferred into buffer without NaCl by centrifugal gel filtration on Bio-Spin columns (BioRad) in buffer without NaCl, which were eluted with 50 μl aliquots of the same buffer. Essentially all the undiluted protein was found in the first fraction. Aliquots of the protein solution immediately after dilution with 1 M NaCl, after overnight incubation and immediately after centrifugal gel filtration were used for activity, protein and DLS measurements. Solutions (1 mg/ml) of αGltS were incubated in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM DTT, in the presence of different NaCl concentrations at 15°C. At different times aliquots (100 μl) were withdrawn, centrifuged for 15 min at 13000 rpm in a microfuge in the cold and the supernatant was subjected to dynamic light scattering measurements. The calculated radius in nm is reported.

Supplementary Table 3. Overall parameters and volume fractions of the components in αGltS solutions obtained by SAXS.
The corresponding plots are shown in Supplementary Fig. 5 . R g and MM are the radius of gyration and the molecular mass calculated from the scattering data, respectively. The observed polydispersity of the samples is expressed by relative percentages of αGltS present as α monomers, α 2 dimers and α 6 hexamers in solution. The discrepancy between the computed curve and the experimental data is denoted as χ.
Additions
Plot # in Supplementary  Fig. 5 α, mg/ml R g , nm MM, kDa α, % α 6 , % χ 
Supplementary Figure 2. Sequence alignment used to generate the homology model of βGltS.
Sequence alignment of βGltS (residues 1-480) and of the N-terminal domain of DPD (PDB ID 1h7w, chain A, residues 31-520, (5)). Identical residues (in white against black background) and conservative substitutions (bold and boxed) have been calculated according to the substitution matrix BLOSUM62. The secondary structures of 1h7w are indicated above the alignment, and have been calculated by DSSP (6). The stars indicate the first 25 residues of βGltS, which were not modeled.
Supplementary Figure 3. Effect of solvent ionic strength on the size of GltS as determined by dynamic light scattering. Panels A-C: solutions (1 mg/ml) of GltSHis (empty symbols), GltSHisΔ7
(full symbols) were incubated in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM DTT, in the presence of different NaCl concentrations at 15°C. Panels A and B: at different times aliquots (100 μl) were withdrawn, centrifuged for 15 min at 13000 rpm in a microfuge in the cold and the supernatant was subjected to activity, protein and dynamic light scattering measurements. The calculated radius (A) and specific activities (B) as a function of time are shown. NaCl concentrations were: 0 M (circles), 1 M (squares) and 2 M (triangles). Panel C: activity, protein and dynamic light scattering measurements were done on samples incubated with 0-1 M NaCl for 17 h. The calculated radius (circles) and specific activities (squares) of GltSHis (empty symbols) and GltSHisΔ7 (7)); (2) newly acquired scattering curves of GltS at low ionic strength and high protein concentration (10 mg/ml in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM DTT, MM ~ 1200 kDa); (3) 5 mg/ml αGltS at low ionic strength (MM ~ 760 kDa); (4) 1.6 mg/ml GltS solution in the presence of 1 M NaCl (MM ~ 260 kDa); (5) 2 mg/ml αGltS in the presence of 2 M NaCl (MM ~ 140 kDa). In (1) the red line is OLIGOMER fit with 80% (αβ) 6 hexamers and 20 % αβ protomer. Blue solid lines indicate the scattering curves computed with CRYSOL (8) using the cryoEM-derived structure of the (αβ) 6 hexamer (curves 1,2), the α 6 hexamer (curve 3) and the αβ protomer (curve 4) extracted from it, and the crystallographic coordinates of αGltS (curve 5). The deviation from the experimental curve may be attributed to the polydispersity of the solutions.
Supplementary Figure 5. Dissociation behaviour of αGltS.
Panel A: The kinetics of dissociation of αGltS were determined by diluting a protein sample into 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA, 1 mM DTT and 1 M NaCl (final concentration) to obtain a 1. The kinetics of re-association of αGltS were determined by incubating a 2 mg/ml enzyme sample in 25 mM Hepes/KOH buffer, pH 7.5, 1 mM EDTA and 1 mM DTT in the presence of 1 M NaCl for 1 h. The sample was diluted 10-fold into buffer containing no NaCl, and the radius was measured by DLS as described for the experiment shown in Panel A (open circles). The curve shows the fit of the data to a single exponential process (Radius = 1.37(1-exp(-0.006*t) + 6.09). A control sample was diluted into buffer containing 1 M NaCl (open squares). The average of the calculated radius was 5.9 nm. The lack of recovery of the α 6 hexameric form is attributed to the combination of low protein concentration (0.1 mg/ml) and the presence of 0.1 M NaClin the solution, confirming the lower stability of the α 6 hexamer than that of the GltS oligomer ( see Supplementary Figure 3D ). Panel C: SAXS plots measured on the αGltS samples described in Supplementary Table 3 . Plots [1-2]: 5-2 mg/ml αGltS. Plots [3] [4] : 2 mg/ml αGltS in the presence of 2 M and 1 M NaCl showing an almost complete dissociation of the protein into α monomers. Experimental data are denoted by dots, fits from OLIGOMER are presented as red solid lines. Due to the effect of NaCl on the kinetic parameters of GltS, the assays containing 1 M NaCl were carried out at sub-saturating concentrations of substrates ( Table 2) . As expected from a decrease of the K M values for 2-OG and L-Gln upon dissociation of GltS, the measured activity of the sample incubated in the presence of 1 M NaCl increased as the radius decreased at both substrates concentrations. Due to the rapid protein re-association at low ionic strength, no effect of incubation with 1 M NaCl was observed in assays carried out in the absence of 1 M NaCl. A control experiment in which GltS was incubated in the absence of NaCl showed no change of the radius (10.4 nm) and of the activity measured under the four different conditions after up to 20 hours of incubation (not shown). The curves show the fit of the measured radius and activity values in the NaCl-treated sample assayed in the presence of NaCl to functions describing processes that occur at the same rate of 0.019 min -1 .
Movie: file movie1.mov
Structure of the NADPH-dependent glutamate synthase hexamer: cryoEM density map and fitting of atomic data. The cryoEM volume, represented here by an isosurface, undergoes rotations about its D3 symmetry axes. The fitted αGltS and βGltS polypeptides are shown in ribbons. βGltS is yellow; αGltS is color coded as follows: glutamine amidotransferase domain, residues 1-422, blue; central domain, residues 423-780, red; FMN/synthase domain, residues 781-1202, green; C-terminal β helical domain, residues 1203-1472, purple. The cofactors are in spacefill and orange.
